SUMMARY An improved algorithm for fast motion estimation based on the block matching algorithm (BMA) is presented for use in a blockbased video coding system. To achieve enhanced motion estimation performance, we propose an adaptive search pattern length for each iteration for the current macro block (MB). In addition, search points that must be checked are determined by means of directional information from the error surface, thus reducing intermediate searches. The proposed algorithm is tested with several sequences and excellent performance is verified.
Introduction
Block-Matching Algorithm (BMA) for motion estimation has been widely used in block-based video coding standards such as H.261, H.263, MPEG-1, MPEG-2, MPEG-4 and H.264 because of its simplicity for implementation. For given search range, Full search (FS) gives the global optimum solution but needs extensive searches for the best matching point. Due to this extensive computation, many kinds of fast block matching algorithms have been developed [1] - [6] .
A Diamond search (DS) has been proposed with a large diamond and small diamond (cross) patterns [1] . To improve the performance of the diamond search algorithm, the directional diamond search (DDS) was suggested in [2] . This was designed to fit the directional center-biased motion characteristics. Also, a new three-step search (NTSS) algorithm has been proposed to improve the performance while keeping the complexity similar to the three-step search (TSS) known as a good and fast matching algorithm [3] . The simple and efficient search (SES) algorithm has been suggested for further reduction of computational complexity [4] .
Adaptive rood pattern search (ARPS) which is based on two sequential search stages has been suggested [5] . By using neighboring MB's motion vectors, ARP's size is dynamically determined at initial search stage. Then, a unitsize rood pattern (diamond with order of 1) is exploited repeatedly, and unrestrictedly to find the best motion vector (MV) in the refined local search stage. The improved version of ARPS, denoted as ARPS-2 was proposed to speed up the searching procedure, too [6] . We propose a new and efficient version of ARPS based on a monotonic increasing or decreasing characteristic of the distortion surface and an adaptive length of the search arm. The proposed algorithm provides a faster search while maintaining the image quality at a level similar to or better than ARPS, ARPS-2, and others.
The Proposed Adaptive Pattern Search Algorithm
In the proposed algorithm, three important aspects are considered to speed up and improve the matching procedure: 1) motion prediction, 2) half/quarter rood pattern selection, and 3) adaptive length of search arm. The first two terms can reduce the number of search points and the last is to give more accurate solution for sequences with a large motion.
Center-Biased Motion Vector Distribution
In [1] - [6] , the distribution of the global minimum points in real-world video sequences is centered at the position of zero motion (i.e., search window center). Through various experiments, we can see that most of the motion vectors are enclosed in a circular support within a radium of 2 ∼ 3 pels and centered on the position of zeros motion. Figure 1 illustrates an example of the motion distribution for the Tabletennis sequence. In this study, this characteristics is employed to develop the suggested algorithm.
Design of Adaptive Search Patterns
For fast block matching, the size and shape of search pattern plays an important role to speed up and achieve more accurate matching point. Accordingly, we propose new search patterns considering these facts.
Prediction of Motion Vector
For more efficient motion estimation, motion vector prediction technique is employed. Usually, the predicted motion vector (MV) of the current MB can be obtained in the spatial or temporal domain. It can be done in the combined domain, surely. We predict MV of the current MB in the spatial domain. To do this, neighboring blocks with four promising scenarios are used as shown in Fig. 2 . Since the usage of more block will induce higher computational complexity, we use type-D in this work.
With the predicted MV, an initial search pattern is determined as depicted in Fig. 3 (a) by the following:
where − − → MV x and − − → MV y are the horizontal and vertical components of all the MVs in neighboring MBs for the prediction, respectively. This is the same pattern as one of ARPS-2.
Selection of Half/Quarter Rood Pattern
Most of pattern search algorithms for block motion estimation determine the next search step according as whether the current best matching point is positioned at the center of search pattern or not. ARPS and ARPS-2 have a similar scheme [5] , [6] . In these algorithms, the unit-size rood pattern (URP) is iteratively examined until the optimum point is detected after the initial search stage. Under the assumption that the distortion surface has a characteristics of monotonically increase or decrease, some redundancy checking points may exist in each refined local search. Figure 4 shows an illustration in 1-dimensional space when the found best checking point is not center point. If the best point of the current search step is the center of the search window, the final best matching point can be detected by employing URP.
As shown in Fig. 4 , the center of the search pattern is localized at O k+1 at the (k + 1)-th search if x k p is selected as the minimum distortion point in the previous (k-th) search. In this case, −x k+1 p will be a redundancy point which is not necessary to check under the assumption of unimodal distortion surface. we extend this concept to the 2-dimensional image plane. We design search patterns by using the search directional information of the distortion surface. We can define the search (or distortion) direction vector as a vector from the current center of pattern to the next center (current minimum point). Figure 3 (b) displays the possible search patterns according to the direction of the distortion surface after initial search stage in the proposed algorithm. As shown in the designed patterns using the directional information ( Fig. 3 (b) ), half rood patterns (HRPs) and quarter rood patterns (QRPs) have a reduced number of search points comparing with those of the ARPS and ARPS-2. This can give more fast search procedure than others.
Adaptive Length of Search Arm
In ARPS and ARPS-2, the length of search arm was fixed with unit length, that is, URP was employed in the refined local search stage [5] , [6] . But this can cause the increase of residual error because of capturing the local minimum for a sequence having fast motion. To overcome this drawback, an adaptive selection method of arm length is devised for each search step, as the following:
where L k+1 x and L k+1 y are the lengths of the search arm in the k + 1-th search iteration, respectively. Adaptation factor ρ takes a function for attenuating the arm length of search pattern properly as search iteration goes by. If this is too large value close to 1.0, there will be little attenuation of arm length of search pattern for each iteration. This can be a reason of the oscillation of search trace without convergence to the local minimum point. On the contrary, the length of search arm becomes dramatically small to 1 (unit pixel size) at the beginning of the refinement stage, if this value is too small close to 0. This gives rise to capturing the undesirable local minimum point, early and the same as the scheme of the ARPS and ARPS-2, we need to select this parameter properly to take advantage of an adaptive scheme.
In our study, we tuned 0.6 ∼ 0.7 as the desirable range of ρ through several experiments. So, ρ was set to 0.7 and · is a rounding operator, that takes the closest integer to the given value. Also, L k x and L k y satisfy the following conditions: 
The minimum length of the search pattern is the size of the unit pel and this size decreases adaptively to the unit pel size as search procedure goes by. By utilizing this technique, pattern search algorithm can cope with a large motion sequence, rapidly.
The Procedure of Proposed Algorithm
The suggested motion estimation algorithm based on an adaptive pattern search has the following procedures:
Step 1: 
x and L 0 y of the initial pattern as Eq. (2). Threshold value T for detecting a stationary region is given as 512 like other works such as the ARPS and ARPS-2 [5] , [6] .
Check the additional five points except the original of the initial search window to find out the best matching point as shown Fig. 3 (a) . If the found best matching point is the center of the search window still, stop and − → v = (0, 0). Otherwise, go to the next step.
Step 2 and L k y are computed for the current search step k on the basis of Eqs. (3), (4) and (5). Adaptive search pattern: As shown in Fig. 3 (b) , a desirable pattern is chosen among the possible search patterns according to the directional information of the distortion surface.
After aligning the center of the determined pattern to the best matching point from the previous search, a new best matching point is found for the next step.
Step 3: If the new best matching point is not incurred at the center of the current search pattern, go to Step 2; otherwise, the motion vector is found, corresponding to the final best matching point identified in this step.
Simulation Results
To verify the performance of the proposed algorithm, we tested several MPEG sequences with the size of CIF and SIF. The sum of absolute difference (SAD) was used as a distortion measure with a block size of 16 and search window size of ±7 for all BMAs. In the proposed algorithm, a type-D prediction was used, similar to ARPS and a type-A prediction for ARPS-2 [5] , [6] . Figure 5 illustrates the frame-based peak-to-noise ratio (PSNR) performance and average number of check points per macro block of FS, DS, DDS, ARPS, and the proposed algorithm in the Foreman sequence. These results indicate that the devised algorithm can reduce the number of search points even though the quality loss is little. Especially, we can see that scene change occurs between frames 170 and 185. Thus the PSNR is inclined to decrease while the number of check points becomes a large in this interval. The proposed motion estimation algorithm yields reliable quality with less number of check points despite of this situation.
As shown in Table 1 , the performance of the proposed fast motion estimation technique is compared with more various algorithms. The Speed-up ratio is defined as the ratio of total search number of full search to the consumed search points of pattern search algorithm. From this result, we can see that the suggested algorithm provides reliable performance. the proposed fast ME yields reliable performance. The devised algorithm achieves similar or better quality for sequences having a fast motion such as Football, Foreman, and Flower Garden. The proposed method achieves up to 25% better speed than ARPS and up to 41% better speed than DDS while maintaining a similar or better image quality based on the number of search points (NSP). Also, the proposed algorithm can provide better quality with less number of check points than ARPS-2 which is known as a fast motion estimation technique.
To check on the effect of the ROS pattern with the ARPS-2 and proposed algorithms, the results according to the ROS pattern are shown in Table 2 . In this table, "E" denotes Type E pattern which uses only the upside (upper) MB of the current block for the ROS.
There is a very little variation of the performance according to the ROS pattern in the ARPS-2 or the proposed algorithm. As shown in results, we can know that the proposed algorithm (Type D) yields better performance in comparison with all cases of the ARPS-2. In the suggested algorithm, we can see that the performance of a method using Type D for MV prediction is superior to those of other ROS patterns.
When considering Types D and E together, there is little difference of PSNR while the proposed (D) is faster than the proposed (E). Thus, we can guess the dependency of the motion vector between the ROS and the current block is stronger in the horizontal direction (Type D).
Conclusion
In this paper, we proposed fast and efficient motion estimation algorithm on the basis of a monotonic increasing or decreasing characteristics of the distortion surface and adaptive length of search arm. By using these terms, adaptive search patterns with the reduced check points were designed for each search step. Experimental results shown that the suggested algorithm speeded up the search procedure effectively with similar or better quality to other fast block-based matching algorithms (BMAs).
